The forward/backward sweep is the most commonly used power flow method in radial Low Voltage Distribution Grids (LVDGs). In most cases, Kron's reduction is used to merge the neutral conductor with the phase conductors. However, important information can be lost by ignoring the effect of the neutral conductor through the Kron's reduction method, since in LVDGs the majority of loads are single-phase connected and are supplied through a phase conductor and the neutral. In this paper, a modification to the forward/backward sweep method is proposed to account for the neutral voltage as well. Test results indicate the significance of knowing the exact configuration of the neutral conductor in an LVDG before conducting power flow studies as it can affect greatly the accuracy of the results.
INTRODUCTION
The increasing share of the solar energy in the energy mix by residential rooftop photovoltaic (PV) systems and the eventual electrification of the transportation sector with electric vehicles (EVs) are some of the main reasons behind the unprecedented technical growth that has been undergoing over the past few years in LVDGs [1] . These advancements are creating new challenges to the Distribution System Operators (DSOs) regarding the secure and reliable operation of their networks [2] . For this reason, it is important to have accurate and reliable tools to conduct studies, identify potential problems and proactively mitigate them before costly faults or equipment failures occur. The most common tool used for this kind of studies is the power flow analysis which, for a given set of input parameters, can provide the magnitudes and angles of all voltages and currents of a power system. The traditional Gauss-Seidel and Newton-Raphson power flow methods are focused on a balanced operation which allows the analysis to be conducted only on the positive sequence. On the contrary, distribution systems, especially LVDGs, are characterized by highly unbalanced operating conditions. As a consequence, the negative and even the zero sequence components are not negligible and therefore must be accounted for by using multiphase analysis. Currently, the main methods used for solving the distribution grid power flow problem are either focused on the current injection technique which is based on the Newton-Raphson formulation [3] or on the Forward/Backward Sweep (FBS) method [4] . While the current injection method is more robust and can be even applied in large meshed networks, the FBS method has been established as a preferable solution for radial LVDGs due to the simplicity and computational advantage of the method [5] .
FBS is an iterative method and it can be divided to two parts. In the first part (backward sweep), all the load, line and branch currents are calculated using the known PQ values and an initial guess for the voltage (flat start). In the second part (forward sweep), the system voltages are updated, starting from the reference node, by using the calculated currents, from the first part, and the impedance matrix. Convergence is achieved when the voltage update from one iteration to the next is lower than a predefined limit (‖Δ ‖ < ). In [6] , an algorithm is proposed that can implement FBS by using only the conventional bus-branch oriented data to construct two matrices which are used to solve the power flow problem directly. A similar approach is followed in [7] , where the authors also consider and incorporate different load connections, distribution transformers and shunt capacitances. In [8] , distributed generators are also considered after slightly modifying the FBS method so the nodes in which they are installed are treated as PV nodes instead of PQ nodes. A modified FBS algorithm is proposed in [9] which introduces three matrices A, B and C in order to easily identify downstream buses and to calculate branch currents. This method is found to converge in slightly less iterations than the method in [6] . In [10] the FBS method is modified and is applied to a three-phase, four-wire, multi-grounded radial distribution network. It should be noted that in [6] - [9] the neutral conductor was either neglected completely or it was merged with the phase conductors with the use of the Kron's reduction method. However, this requires either a multigrounded neutral conductor or that the neutral voltage can be approximated to zero. By using Kron's reduction method all information regarding the operational state of the neutral conductor is lost. In [10] , despite assuming a multi-grounded neutral conductor, the Kron's reduction method is not applied The Electricity Authority of Cyprus (EAC) supported this research. EAC is a partner of the Innovation Hub of the KIOS Center of Excellence, which is enabled by the EU's strategic Horizon 2020 program for "Spreading Excellence and Widening Participation -Teaming." 978-1-5386-8218-0/19/$31.00 ©2019 IEEE and therefore the power flow results include also the neutral voltage and current.
Due to the unbalanced nature of the LVDG and the mainly single-phase loads (asymmetric loading conditions), a significant portion of the total load current flows in the neutral conductor. Especially in a system that the neutral conductor is only grounded at the MV-LV transformer substation, this gives rise to a significant voltage drop across it [11] . By using Kron's reduction to simplify the problem and merge the neutral conductor with the phase conductors not only will yield incorrect results [12] but also important information will be lost as most loads in these kinds of systems are connected between a phase conductor and the neutral conductor. This paper takes inspiration by [10] and extends it so that it can be applied in LVDGs with a neutral conductor grounded only at the MV-LV transformer substation. Additionally, comparisons are made between the conventional approach of using Kron's reduction ( ), the FBS described in [10] ( ) and the proposed one (
). The results indicate a significant increase in accuracy and robustness which points out the significance of knowing the exact configuration of the neutral conductor before conducting power flow studies in LVDGs. The paper is organized as follows. In Section II the relevant key elements of the are presented along with the proposed modifications. In Section III, the , and are applied to an LVDG with a neutral conductor grounded only at the MV-LV transformer substation for evaluating the effectiveness of each method. Finally, the paper concludes in Section IV.
II. FORWARD BACKWARD SWEEP METHOD
In Fig. 1 the general algorithm of the FBS methodology is illustrated. At first, the conventional bus-branch oriented data of the LVDG are loaded so that the topology of the network can be constructed. Fig. 2 illustrates a typical 4-wire distribution line connecting two system nodes. Due to the asymmetric operating conditions, the mutual impedances cannot be merged with the series impedances and therefore such a line is characterized by a 4x4 matrix,
Each element of the impedance matrix is calculated using the available conductor data, the geometry of the distribution lines and the Carson's equations [13] . In the Kron's reduction method is used to merge the neutral conductor with the phase conductors, reducing the size of the matrix to 3x3.
A. Flat Start
In the first iteration of the algorithm all system voltages are initialized according to the voltage of the reference node. In [6] - [10] the step-down transformer was neglected from the simulation studies and the low voltage side of the transformer was selected as the reference node with balanced voltages. However, due to unbalanced operation of the LVDG this is not recommended as even this node may have considerable voltage asymmetry which can affect all the downstream nodes. In this paper, the reference node is the primary side (medium voltage) of the MV-LV transformer. The most common step-down transformer configuration in LVDGs is D-Yg and its model can be found in [14] . By assuming an American standard configuration (positive sequence quantities on the high voltage side lead their corresponding quantities on the low voltage side by 30°) the system voltages in the LVDG are initialized as,
B. Backward Sweep
In each iteration during the backward sweep, first, the load currents are calculated using the scheduled power injections and the voltages from the previous iteration. In [6] - [10] , the load currents are calculated using the scheduled power and the corresponding phase voltage. However, in an LVDG a singlephase load is usually supplied by a phase conductor and the neutral conductor. Additionally, due to having the neutral conductor grounded only at the MV-LV substation, its voltage can reach significant values, especially towards the end of the LVDG. Therefore, during the calculation of the load currents in the backward sweep, the neutral voltage should be properly considered according to, where k denotes the iteration number, i is the i th node with a load, , and is the scheduled power of this load and , , and are the voltages of this node.
Having the load currents, then the branch currents must be calculated with the use of the network topology. In Fig. 3 a section of distribution grid is illustrated. The branch current in line , can be calculated as, where , is the current flow in line , , is the current injection at node and is a set of the downstream nodes that node is connected to ( = + 1, + 2).
C. Forward Sweep
During the forward sweep, the calculated branch and load currents from the backward sweep are used to update the system voltages, starting from the reference node. From Fig. 3 , after the voltages at node are updated, the voltages at node are updated as,
Equation (5) is repeated until the voltages of all system nodes are updated.
D. Convergence
After all voltages have been updated in the th iteration, the voltage step Δ is calculated as,
where is a vector with all node voltages from the iteration and Δ is also a vector with the voltage step of each system voltage from the − 1 iteration to the . If any voltage step exceeds a pre-defined limit , then the process is repeated until (7) is satisfied.
III. CASE STUDIES In this section the , and are applied for power flow studies for the LVDG that is illustrated in Fig. 4 . This is an actual LVDG in the power system of Cyprus and it serves mainly single-phase loads and a small number of threephase loads. Additionally, the neutral conductor is only grounded at the 11 kV/ 433 V MV-LV transformer substation. The system model is also implemented in MATLAB/Simulink and its power flow results are compared to the results of each method in order to determine their accuracy.
A. Power Flow Results
Initially, each system load is assigned a random value for its active power from the interval 0.1 -4 kW and a random power factor from the interval 0.93 -0.99 lagging. In Fig. 5 the error in the calculation of the voltage magnitude of each node (average value of the phase voltages error) is illustrated for all three methods. It can be seen from this figure that using Kron's reduction ( ) in such a system will yield inaccurate results regarding the operational voltage of the LVDG. Additionally, by including the neutral voltage in the backward sweep ( ) there is a considerable increase in accuracy compared to . Figure 6 illustrates the error in the voltage angle calculation. Clearly, the proposed method yields more and have similar accuracy. However, in an LVDG due to the high R/X ratio of the distribution lines and the relatively low power flow through them, the phase difference between adjacent nodes is usually negligible and therefore under this condition, all three methods have satisfactory accuracy regarding the voltage angles. In Fig.  7 the error in the current calculation for the loads and main distribution lines (distribution lines connecting the main feeder nodes) is illustrated. As before, the proposed method is significantly more accurate, especially for the currents of the main distribution lines.
In order to validate the performance of the proposed method under different operating conditions, load profiles are constructed for each load with a 30 min resolution and a total simulation time of 3 days. Then, all three methods are used to conduct power flow simulations based on these load profiles and in Figs. 8-9 the average voltage and current magnitude errors are illustrated. The average voltage error in each instance that a power flow is executed is calculated as,
where N is the total number of phase and neutral (neutral is only considered for and methods) voltages, is the i th system voltage from MATLAB/Simulink and ̂ is the corresponding system voltage calculated with either of the three methods. The average current error is calculated in a similar fashion. From Figs. 8 and 9 it can be seen that the performance of is not consistent and is highly affected by the loading conditions. This is expected as in high-loaded conditions or during intense load asymmetric conditions, the neutral voltage in the system reaches significant values (due to the zero sequence currents) and the use of Kron's reduction results to an erroneous model for the distribution lines. On the other hand, has almost a constant performance, regardless of the loading conditions and is more accurate at all times in comparison to . In Table I , a summary of the simulation results is provided along with the average number of iterations of each method. From here it can be seen that all three methods require a similar number of iterations to converge, with requiring a sligthly higher number due to the increased complexity. However, the significant gain in accuracy outweighs the small increase in computational burden.
B. Reverse Power Flow
An important topic in LVDGs is the possibility of reverse power flow due to high PV penetration and how it can affect their operation. However, due to the sheer size that a LVDG can have, the relatively low power flows and the importance of identifying where a reverse power flow is occurring rather than what the actual value of the power flow is, it is unnecessary and computationally inefficient to calculate the power flow in each distribution line. A simple and efficient way to determine when and where a reverse power flow is occurring is to calculate the phase difference between the voltage and current (which are the output of the power flow) of each phase of a distribution line. If this phase difference is larger than 90° then a reverse power flow is occurring in a distribution line and the analysis of the power flow results can be focused around it, in order to determine how the adjacent nodes are affected. In Fig.  10 an example is provided in which the black line illustrates the power flow of phase c of the distribution line connecting nodes 9-14 while the red line illustrates the phase difference between the phase c voltage and current of this line. It can be seen that when a reverse power flow occurs the phase difference is indeed larger than 90°. Using this method, the actual power flow can be calculated only at the distribution lines and at the time instances that a reverse power flow is detected rather than calculating all power flows for each distribution line and for the whole simulation time.
C. Possible Multiple Power Flow Solutions
In [15] the effect of the neutral voltage initialization on the convergence of the power flow and the possibility of multiple solutions existing is discussed for different configurations of the neutral conductor. The type of LVDG that is considered in this paper is similar to Case 5 from [15] where a radial multigrounded neutral conductor is examined. This type of system is found to have only one possible solution regardless of the initialization of the neutral voltage. In order to verify that this conclusion can be extended to radial LVDGs with a neutral conductor grounded only at the transformer substation, is applied in the same operating scenario as in Section III.A with however different initializations for the neutral voltage. In Fig. 11 the number of iterations needed to converge and the final voltage step are illustrated for the different initializations of the neutral voltage. From this figure it can be seen that although the number of iterations is affected by the initialization of the neutral voltage, all possible combinations achieve convergence. In Fig. 12 , the average difference between the solution with neutral initialization to 0 V and the solutions with different neutral initialization is illustrated. From this figure it can be concluded that regardless of the initialization of the neutral voltage, will converge to the same solution.
IV. CONCLUSIONS
This paper proposes a modification to the four-wire forward/backward sweep power flow method in order to take into consideration the neutral voltage for radial LVDGs with a neutral conductor grounded only at the MV-LV substation. From the numerical simulations it was seen that the proposed method achieves significantly more accurate results than relevant existing methods with a slight increase however in the required iterations due to the increased complexity. A simple and efficient method was also discussed in order to detect reverse power flows in the LVDG without having to calculate the power flow of each distribution line. Finally, the possibility of multiple power flow solutions due to the initialization of the neutral voltage was examined with a negative conclusion as all examined cases converged to the same solution. 
